Theoretical concepts in condensed matter physics are typically verified and also developed by exploiting computer simulations mostly in simple models. Predictions based on these usually isotropic models are often at odds with measurement results obtained for real materials. On the other hand, all-atom simulations are complex and time-consuming. In this paper, we formulate a new strategy for effective molecular modelling, which properly reflects properties of real particles by using quasi-real molecules of simple but anisotropic architecture and identifying the applicable range of intermolecular interactions for a given physical process or quantity. As a demonstration of our method capabilities, we solve an intriguing problem within the density scaling idea that has attracted attention in recent decades due to its hallmarks of universality. It demonstrates that the new strategy for molecular modelling opens broad perspectives for simulation and theoretical research, for example, into unifying concepts in the glass transition physics.
MANUSRIPT:
For over half a century till the present time a tremendous scientific effort has been made to understand the nature of liquids. Undeniably, some breakthroughs in the research on the liquid-state were from computer simulations of modelled systems to explore the behaviours of real materials. [1] [2] [3] Most of the computational experiments were devoted to the so-called simple-liquids (i.e., systems composed of many particles interacting via radially symmetric pair potential), exhibiting some properties similar to real liquids. However, the simplicity of the molecular architecture of simple-liquids as well as the intermolecular interactions assumed raises the question of how well these model systems can capture the intricate thermodynamic and dynamics properties of real liquids.
Among numerous computational studies of simple-liquids since the latter part of the past century, prevalent are those performed with the intermolecular interaction described by the Lennard-Jones (LJ) potential (and its approximation by the soft-sphere potentials valid for short distances between molecules). The reason for the unceasing interest in the LJ systems is the availability of theoretical explanation of the origins of the repulsive and attractive parts of the potential. The repulsive interaction is caused by the overlapping of the electron clouds at short distances, whereas the attractive interaction results from electrostatic interactions between permanent as well as induced dipole moments. 4 Hence, the use of the LJ potential (or its approximations) enables rational modelling of the physical interactions between molecules of real van der Waals liquids. Consequently, throughout the last decades, many processes occurring in systems described by LJ or soft-sphere potential have been systematically examined.
The research revealed the fascinating quasi-universality of the properties [5] [6] [7] [8] [9] [10] among which is the thermodynamic scaling of properties based on nature of the potential. [11] [12] [13] [14] For the soft-spheres with the inverse power law (IPL) potential, a rigorous result derived from theory is that all structural, dynamic, and transport properties at equilibrium for a given system are functions of the product variable [15] [16] [17] [18] [19] -scaling is valid only for soft-sphere systems, it was shown that it is a reasonable approximation also for LJ systems at low temperatures, and hence at high densities [20] [21] [22] [23] [24] , and thus even for real van der Waals liquids. Therefore, the first experimental observation of quasi-universality in real liquids firmly maintains the fascination of researchers on this subject, and make it one of the most frequently studied issues of condensed matter physics over the last twenty years. [25] [26] [27] [28] [29] Initial experimental works on the quasi-universality of real liquids were reported by Tölle 30, 31 , who analysed quasielastic neutron scattering data of ortho-terphenyl (OTP), the canonical van der Walls liquid, and pointed out that the observed dynamic crossover could be characterized by an effective constant value of T υ 4 , where υ denotes the specific volume. have initiated intensive studies of the molecular dynamics in the universality of the thermodynamic-scaling (or the density-scaling) for various real materials. However, it had been quickly pointed out by a few research teams that the power of 4 in the densityscaling found for OTP is not the same for many tested glass formers. [33] [34] [35] [36] Consequently, more general scaling rule were formulated [33] [34] [35] [36] [37] [38] [39] [40] , according to which a dynamic quantity, X (e.g., structural relaxation time τ , viscosity, η , or diffusion constant, D ) can be expressed as a function f ,
where the density-scaling exponent, γ , is a material constant. At the same time, parallel theoretical studies made impact on the understanding of the origin of observed differences between γ and its expected value of 4 from the LJ potential. According to these studies, γ is not directly related to the repulsive part of LJ potential, but to its effective approximation at small distances by the IPL potential, U IPL r
where A is a constant. The reason why exponent m can differ from 12 is because of a presence of the attractive part of the potential (different for various materials), which causes that the slope m of the effective potential at small distances to differ from that of its pure repulsive core. [22] [23] [24] 28, [41] [42] [43] Consequently, it explains why the scaling exponent
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where Providing answers to all questions posed above is the main aim of this paper.
Based on the new strategy for molecular modelling, we find the solution to the longstanding problem of the inconsistency between γ
EOS
and γ , as well as determining which one is directly related to the intermolecular potential. Hence, our work critically contributes to the better understanding of the physics of real substances by showing to which extent the real liquids can be treated as simple-liquids. As a consequence, the simulation method can be considered to be groundbreaking because it indicates the new direction of future computational studies by designing model systems to provide the missing link between the studies on simple-liquids and complex all-atom simulations.
The most significant advantage of simple-liquids is the simplicity of their intermolecular interactions, making them convenient for theoretical study and, some of their features can be directly validated by the intermolecular potential assumed as mentioned before. However, the use of the spherically symmetric potential implies that molecules are treated as spheres, which might cause some critical properties of real molecules not captured or mimicked. In particular, the anisotropy of the molecular shape, and consequently the anisotropy of the molecular interactions, could play an important role in thermodynamic and dynamic properties of van der Waals liquids. Thus possibly the experimentally observed differences between γ EOS and γ is related to molecular shape anisotropy. This hypothesis can be verified using computer simulations of molecular dynamics of systems specially designed. Molecules used in simulations should exhibit the shape anisotropy, but at the same time they should be as simple as Notwithstanding, at this point we would like to draw attention to perhaps a puzzling result of our studies, which is the fact that the system with dipole moment µ has smaller γ than the system without the. This fact seems to be counter-intuitive because dipole-dipole interactions are attractive, and thus the presence of µ makes the slope of the repulsive part of the LJ potential steeper. 50 Consequently, one can expect an increase in γ with the presence of µ . However, this reasoning is applicable only for simple-liquids because it does not take into account anisotropy of intermolecular interactions. To fully consider the discussed effect, the intermolecular potential dependence on a distance to the molecule as well as on its orientation need to be determined. It must be stressed that in fact many-body interactions are considered (for the two RLM we get 16 different interactions), which drastically complicates the problem. Therefore, we make the following simplification. Since γ is related to the diffusion of the centre of mass of the molecule, the intermolecular potential governing this process can be expressed as a function of the distance between the centre of the given molecule and a particular point in the space, r CM . For simplicity, we reduce the choice of the points in the space, to only three most characteristic directions relative to RLM, i.e., along both diagonals of RLM and perpendicular to the plane determined by them. Then, the effective potential between two centres of RLM, U r CM ( ) , is the arithmetic average of the three considered potentials.
In Fig. 3a it can be seen that the shape of U r CM ( ) , is in fact less steep for molecules with µ . Hence, the lowering of γ with an increase in the attractive intermolecular interactions by the gain in µ can be explained using the proposed simplification of many-body interactions potential. Our analysis reveals also that the addition of dipole-dipole interactions makes the intermolecular potential along the longer diagonal of RLM becoming indeed steeper in the studied density range (result not presented). However, at the same time, the potentials along the other two directions are on 'the attractive part', which overcome the aforementioned effect of interactions along the longer diagonal of RLM, and result in a flatter shape of the mean potential.
Consequently, the anisotropy of intermolecular interactions is a reason for the observed decrease in γ with the increase in the intermolecular attraction. Consequently, this promising alternative approach for current computer simulation studies of the real liquids opens broad perspectives for further computational research, which could bring many benefits.
FIGURES:
Fig Fig. 3a) and changes of the volume during compression (Fig. 3b) are presented. where average T equal to 110K is used and ε 0 denotes the dielectric permittivity of the vacuum). 4 The procedure used to estimate U r NA ( ) is more complicated because mutual orientations of both interacting molecules must be taken into account. Considering the three most characteristic orientations of interacting molecules, we can estimate the average distance between center of the one molecule and the nearest atom of the other molecule, r NA . The schematic picture is presented in the inset of Fig. 3b . It can be observed that for estimation of r NA the orientation of the molecule, which exerts forces on approaching particle, is not necessary. Hence, we can consider only three cases, which leads to r NA = (e + f + g) / 3 , where e , f , g are the distances between the center of molecule and the nearest atom of neighboring particle, see Fig. 3b . Nevertheless, the orientations of both molecules must be taken into account for estimation of the effective potential. Then U r NA ( ) can be calculated as an arithmetic average of nine different potentials resulted from three characteristic orientations of each molecule (the dipoledipole interactions could be calculated according to the formula presented in the previous paragraph). It should be also mentioned that in Fig. 3 .
